Abstract -In this article, we compared different silicon oxynitride (SiON) microring-based photonic structures for biosensing applications. We varied the refractive index of SiON as well as the dimensions of the resonators, and analyzed their volumetric sensitivity and limit of detection by using glucosewater solutions. By functionalizing the surface of these sensors, we also investigated the specific detection of Aflatoxin M1. We observed binding of aflatoxin at concentrations as low as 12.5nM, and regeneration of a single functionalized sample up to 17 times by using glycine solution. The results open up the path for designing cost effective biosensors for a fast and reliable sensitive analysis of AFM1 in milk.
I. INTRODUCTION
Thanks to the promising results obtained in the field of optical sensing, photonic biosensors are nowadays commonly used by pharmaceutical and biotechnology companies, and entering the market of label-free detection. As suggested by O'Malley [1] , Surface Plasmon Resonance (SPR) is by far the most widely deployed form of optical biosensing, but others microphotonic devices, like optical waveguide grating as well as Ring Resonators, are in full expansion [2] .
Within the European project SYMPHONY, we are developing a biosensor for a fast and comprehensive detection of aflatoxin in milk. Nowadays, the milk samples are analyzed in a laboratory with screening tests, such as Enzyme-Linked ImmunoSorbent Assay (ELISA) [3] . For the samples with suspect concentration of aflatoxin, both milk and feed are sent to laboratory for High-Performance Liquid Chromatography (HPLC) tests [4] , according to which further investigation could be required. It is important to note that such analysis is a time-consuming and cost intensive task.
The sensor, which we are here proposing, is based on a microring resonator coupled to a bus waveguide. Both have Silicon oxynitride (SiON) as core material and SiO 2 as cladding, and are fabricated by standard CMOS processing.
In this work, we measured and analysed the Sensitivity (S) and Limit of Detection (LOD) of microring-based photonic biosensors, as a function of the waveguide composition and dimensions. In addition, we functionalized the sensor with specific biorecognition agents, DNA-aptamers, specific for the detection of Aflatoxin M1. We performed sensing and regeneration measurements with Aflatoxin M1 in a buffer solution on the optimized sensors.
II. EXPERIMENTAL CHARACTERIZATION

A. Fabrication Process
For sample fabrication, two 6-inch 625µm thick c-Si wafers, with a 4µm thick buffer oxide layer, were covered, in one case, with a SiON composition of refractive index 1.66 (film thicknesses of 350nm), and, in the other one, with a SiON composition of refractive index 1.80 (240nm film thickness).
SiON films were deposited by plasma-enhanced chemical vapor deposition (PECVD). The 900nm and 1000nm wide waveguides, ring resonators and directional couplers were defined by standard UV-lithography and reactive-ion etching (RIE). Then, samples were annealed at 1050°C for 1.5 hour, in order to remove hydrogen bonds present in the material, thereby contributing to the reduction of propagation losses. As a final step, the structures were covered with 1µm of TEOS as a cladding layer.
Concerning the sensing area, we opened windows in the cladding through a BHF wet etching, in order to expose some resonators to the ambient.
Finally, the waveguide facets and the lines for dicing were defined by a deep reactive-ion etching process. Wafers were diced and cleaned from resist before measurements and functionalization process.
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B. Sample description
To couple the light coming from the waveguide to the resonators, we used a directional coupler. Such device does not need a high lithography resolution, and allows using large gap distance between waveguides. This resonator configuration is called racetrack resonator. To create such structure, we first estimated the coupling coefficient between the waveguide and the resonator. According to these calculations, we designed several racetrack structures with coupling lengths varying between 0 and 64µm, with a gap of 600nm. The curvature radius chosen for the structures has been imposed to be R=100µm. With such an important radius, we estimated that the radiative losses of the bent regions are negligible, allowing for high quality factors.
After preliminary measurements on all resonators (not shown in this article), we were able to define the optimal coupling length and, thus, to obtain clear spectra with a high signal-to-noise-ratio (SNR).
C. Experimental Setup
To characterize the samples described above, we used a standard waveguide setup, with two tapered fibers placed on multiaxis translation stages, with piezoelectric movements for sub-micron alignment, at the input and the output of the waveguides. The polarization is controlled using a 2-paddles polarization controller. An optical microscope, coupled to a visible/IR camera, is used for alignment and imaging. For the detection, we used a transimpedance amplified Siphotodetector. Finally, as light source, we used a VCSEL from Philips Technologie GmbH U-L-M Photonics (ULM850-B2-PL) pigtailed to a single mode near-infrared fiber.
For sensitivity and sensing measurements, we used a homemade PDMS microfluidic flow cell, with a volume chamber of less than 0.5µL.
D. Functionalization process
The functionalization of the microresonators was performed by wet silanization of the entire chip. The developed protocol is based on a surface activation achieved through argon plasma cleaning. Then, the wet silanization is accomplished in a glycidoxypropyltrimethoxysilane (GPTMS) at 0.01% v/v in anhydrous toluene at 60°C for 10 minutes. The subsequent deposition and immobilization of 100μM amino-modified antiaflatoxin DNA aptamer is performed in 50mM phosphate buffer (ionic strength 300mM) for two hours. A passivation step with 1mM ethanolamine in the same buffer for 30 minutes completed the procedure.
III. RESULTS AND DISCUSSION
A. Sensitivity measurements
In order to define the performances of our photonic sensors, we characterized the Sensitivity (S) of uncovered ring resonators. To calculate this parameter, we monitored in realtime the spectral shifts of the whispering gallery mode (WGM) resonances of the microrings, while the sensors were exposed to glucose-water solutions of various concentrations. The refractive index of such solutions can be easily measured or estimated [6] . Figure 1 represents the resonance shifts as a function of the bulk refractive index variations the glucose/water solution and a pure water solution, measured on microrings with different radii and tested with different light polarizations. As the spectral sensitivity of a sensor S is defined as S=Δλ/Δn, we calculated S from the slope of the resulting curves. We measured a bulk sensitivity of approximately 60nm/RIU in the case of n SiON =1.66, and higher values, up to approximately 112nm/RIU, in the case of n SiON =1.8.
B. Limit of Detection
In order to determine the sensor with the most promising performances, we decided to compare them on the basis of their Limit of Detection (LOD). The LOD is defined as the minimum input quantity that can be distinguished with more than 99% fidelity, and can be calculated as: where ∈ is the output uncertainty, given as the standard deviation obtained on repeated measurements of blank solution (where no analyte is present). By analyzing the measurement curves in a time window of two minutes, we obtained ∈ values of 0.6x10 -4 nm (see Figure  2 (a) ). Thus, using the formula describe above, we draw the LOD figure of our sensors for both n SiON =1.66 and 1.8 samples (Figure 2b ). Figure 2 (b), we were able to reach a LOD of 1.6x10 -6 RIU in the case of biosensors with n SiON =1.8.
As shown in
C. Sensing Measurements
According to the very promising LOD results, we concluded the investigation on these biosensors by performing aflatoxin M1 sensing measurements. The chemical functionalization of the samples is explained in details in the section II.D. First MES buffer is injected into the microfluidic chamber. Then, solutions containing aflatoxin M1 at known concentrations were injected at a constant flow rate of 3µL/minutes.
Aflatoxin detection:
As shown in Figure 3 (a) , during the injection of the analyte we observed spectral shifts of the resonance peak, which was due to aflatoxin capture on the microring resonator. In this case, the aflatoxin concentration is 25nM. We notice a sudden and quick shift of the resonance peak due to the change of bulk refractive index (this is due to the solvent of the stock Aflatoxin solution, which, in our case, is DMSO), followed by an exponential increase in time, which reflects the binding kinetics. The minimum concentration that we were able to detect is 12.5nM. 
Regeneration:
Finally, we investigated the regeneration of the functionalized samples using Glycine solution. We injected Aflatoxin solutions in the microfluidic chamber, in order to link the toxin to the functionalized surface of the 978-1-4799-8591-3/15/$31.00 ©2015 IEEE sensor. We then injected MES buffer again in the microfluidic chamber for several minutes, in order to restore a stable signal, and finally we injected 100 mM Glycine solution pH 2, in order to detach all aflatoxin linked to the surface and regenerate the sensor. We repeated this procedure several times on the same sample, and we analysed the binding kinetic. Figure 3 (b) represents an experiment of multiple regeneration sensing test using Glycine. In this case, we injected Aflatoxin solution at different concentrations (12.5nM and 25nM) and tried to regenerate the sample after each injection. We noticed a good reproducibility of the measurements. In the best case, we were able to perform up to 17 measurements on a single sample without reaching a saturation level.
IV. CONCLUSION
In this article, we compared different microring-based photonic structures for biosensing applications, and were able to observe binding of aflatoxin M1 for concentrations as low as 12.5nM. The high performances of this photonic biosensor (high sensitivity, LOD~10 -6 RIU, good regeneration) will allow the creation of a fast, inexpensive and reliable sensor for applications in the areas of environmental or agrofood, clinical medicine and healthcare.
